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Introduction
Decidualization is the progestin-induced differentiation of fibroblast-like stromal cells of the proliferative estrogen-primed endometrium into decidual cells that are easily distinguishable histologically as the larger and rounder cells appearing around the spiral arteries and eventually spreading through the most part of the endometrium in the late luteal phase of the menstrual cycle (1) . Following embryo implantation, decidualization persists and extends throughout the endometrium, leading to the formation of the pregnancy decidua. This morphological change is accompanied by the biochemical expression of a number of bioactive substances (2) that in turn act as local regulators of both decidual and placental functions (3,4). Thus, decidualization is critical for embryo implantation and maintenance of pregnancy.
4 blocks of the nucleosome are the core histones H2A, H2B, H3, and H4. The aminoterminal tails of these histones house the sites for acetylation, methylation, phosphorylation, and ADP-ribosylation. Among these well-known covalent modifications of histones, the most well studied is the acetylation of ε-amino groups on conserved lysine residues in the histones' amino-terminal tail domains (17) . There are two classes of enzymes involved in determining the state of acetylation of histones: histone acetyl transferases (HATs) and histone deacetylases (HDACs) that have been identified in the past several years (17) , coinciding with the discovery of specific HDAC inhibitors such as trapoxin and trichostatin A (TSA) (18) . These inhibitors increase acetylated histones in many cell types, thereby inducing expression of specific pre-programmed genes, which, in turn, lead to cell growth arrest, differentiation, and apoptotic cell death (19) . Along with availability of these materials, recent dramatic advances highlight the involvement of HATs in transcriptional activation and HDACs in transcriptional repression (17) .
However, there has been no report on histone acetylation in decidualization except a single study demonstrating in 1979 that histones H2B and H4 become acetylated immediately upon in vivo decidualization in rat (20) .
In this study, we have investigated the effect of TSA on ESC in terms of ovarian steroid-induced differentiation induction to address how histone acetylation is involved in this process. We here show that TSA advances ovarian steroid-induced decidualization of ESC isolated from human cycling endometrium. Histones H3 and H4 became acetylated upon decidualization and the acetylated H4 was associated with the ovarian steroidinduced promoter activation of IGFBP-1, a typical decidualization marker gene, both of which were augmented by co-treatment with TSA. These results provide evidence suggesting that histone acetylation is deeply involved in the process of decidualization of human ESC.
by guest on http://www.jbc.org/ Downloaded from 6 the pellet suspended in 3 ml of 0.25% trypsin/EDTA solution (Sigma, St.Louis, MO).
Glands were disrupted by thoroughly pippetting. The trypsin was inactivated with 3 ml of DMEM/10%FBS. The EGC were pelleted again and resuspended in DMEM/10%FBS/1% antibiotic-antimycotic mixture and seeded into a 6 cm dish coated with collagen type I.
The isolated ESC and EGC were pre-cultured for about two days to be grown to subconfluence in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic mixture. The cells were then cultured in the absence or the presence of 10 nM 17β-estradiol (E 2 ) plus 1 µM P 4 or in combination with TSA for different periods according to the experimental protocol. For analyzing the results, the log of the ratio of amplified target to competitor products was graphed as a function of the known amount of competitor added to the PCR reaction (Fig. 2C ). CA-Cricket Graph III (Computer Associates) was used for the regression analysis and calculation of x intercepts. When the log ratio equals zero, the concentrations of the target (originally from the RT reaction) and the competitor are equal (Fig. 2C ). The amount of cDNA synthesized from 300 ng of the initial RNA sample was calculated from the graph (Fig. 2C ). 4 °C for at least 1 hour, the suspension was centrifuged for 5 min at 15,000 rpm using a microcentrifuge, and the supernatant was taken and mixed with 1 ml of acetone. After overnight incubation at -20 °C, the coagulated material was collected by microcentrifugation and air-dried. This acid-soluble histone fraction was dissolved in 30
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µl of H 2 O. Protein was quantitated using a protein assay kit (Bio-Rad).
Acid Urea Triton (AUT) Gel Electrophoresis-Acetylation of cellular histones
from Hela cells and ESC treated without or with E 2 +P 4 in combination with TSA was analyzed by slab gel electrophoresis using AUT gel as described elsewhere (24) . The extracted cellular histones were incubated with the same volume of loading buffer ( 
Results
Promotion of ovarian steroid-induced decidualization of cultured ESC by
TSA-To explore the role of histone acetylation in decidualization, we examined the effect of TSA, a selective and potent histone deacetylase inhibitor, on mRNA expression of IGFBP-1, a typical biochemical marker of decidualization, in ESC cultured in the absence or presence of E 2 +P 4 .
Semi-quantitative RT-PCR analysis revealed that IGFBP-1 mRNA was upregulated by E 2 +P 4 in 48 hours (Fig. 1A) . Co-addition with TSA provoked a further enhanced induction whose magnitude was comparable to that obtained from decidualized ESC treated with E 2 +P 4 for 14 days (Fig. 1A) . TSA alone was capable to induce IGFBP-1 mRNA at a relatively high concentration (500 ng/ml) (Fig. 1A) . In contrast, the levels of β-actin mRNA expression were almost constant throughout the treatment (Fig. 1A) .
Consistent with the RT-PCR data, northern blot analysis showed that TSA augmented E 2 +P 4 -induced IGFBP-1 mRNA expression (Fig. 1B) .
PRL, another typical decidualization marker, was up-regulated by E 2 +P 4 in 48 hours, which was further augmented by co-addition of TSA (Fig. 1C) . In contrast, neither TSA alone nor in combination with E 2 +P 4 affected the expression of matrix metalloproteinase II mRNA (Fig. 1D ) that has been reported to be regulated by cytokines, but not ovarian steroid hormones per se (25) . In addition to up-regulation of decidualization markers, TSA alone or in combination with E 2 +P 4 induces morphological changes that resemble the decidual transformation of ESC (Fig. 1E) .
Synergistic enhancement of the ovarian steroid-induced IGFBP-1 and PRL
mRNA expression by TSA -We then investigated more quantitatively using competitive RT-PCR whether TSA enhances E 2 +P 4 -induced IGFBP-1 mRNA expression in a dosedependent manner and examined whether the effect of TSA is additive or synergistic.
As illustrated in Fig. 2A , competitor DNA was generated by PCR using a ( Fig. 2C) . The competitive RT-PCR analysis using four different samples revealed that TSA synergistically enhanced E 2 +P 4 -induced IGFBP-1 mRNA expression in a dosedependent manner (Fig. 2D ). (Fig. 3B) .
No effects of TSA on EGC-To investigate whether these molecular events provoked by TSA are specific for ESC, we examined the effect of TSA on morphological and biochemical changes in EGC isolated from endometrial specimens simultaneously used for isolation of ESC. RT-PCR analysis revealed that TSA did not affect mRNA expression of both IGFBP-1 (Fig. 4A ) and PRL (data not shown) in EGC. Likewise, TSA alone, ovarian steroid hormones, or co-treatment did not provoke any dramatically morphological changes (Fig. 4B) . These results suggest that the effect of TSA is selective for ESC.
Acetylation of core histones of ESC upon treatment with ovarian steroids in
by guest on http://www.jbc.org/ Downloaded from combination with TSA-To ascertain whether TSA treatment leads to acetylation of core histones in ESC, acid-extractable proteins were analyzed on AUT gel (Fig. 5A ). As noted before (26), histone H4 exhibited the best resolution among other histones. Before TSA treatment, H4 derived from Hela cells were primarily in the unacetylated or monoacetylated form (Fig. 5A lane 1) . Eight hours of TSA treatment at 100 ng/ml led to dramatic increase in di-, tri-and tetra-acetylated forms (lane 2). Likewise, H4 derived from ESC treated with control vehicles for 8 hours consists largely of unacetylated or mono-acetylated forms (lane 3), while di-, tri-, and tetra-acetylated forms appeared upon 8-hour stimulation with 500 ng/ml of TSA (lane 4). Also, treatment with E 2 +P 4 showed some increase in di-and tetra-acetylated forms (lane 5), both whose increment and changes in the acetylation profiles were further enhanced by co-addition of TSA (lane 6).
With immunoblot analysis using acetylated histone type-specific antibodies, we further determined which core histones and lysine residues underwent acetylation during E 2 +P 4 -induced decidualization. As shown in Figure 5B , H2B, H3, and H4 (K8 and K12)
were preferentially acetylated upon eight-hour treatment with E 2 +P 4 . Co-addition of TSA further enhanced the increase in acetylation levels of those core histones. Although TSA alone induced an increase in acetylation levels of histones, a significant enhancement of the signals by co-addition of E 2 +P 4 was observed in H3 and H4. The Coomassie-stained gel, at the bottom, indicates that the amount of protein loaded in each lane was similar (Fig. 5B) Densitometric analysis of the individual band intensities obtained from three or more independent experiments revealed that treatment with E 2 +P 4 or TSA alone significantly increased the levels of acetylated H3 (K9 and K14) and H4 (K8), which were further augmented by treatment in combination (Fig. 5C ). H2B and K5 and K12 of H4 also became acetylated, although it did not reach statistical significance by nonparametric testing. 
Augmentation of ovarian steroid-induced H4 acetylation by TSA in the
Discussion
In this study, we demonstrated using immunoblot analysis with acetylated histone type-specific antibodies that H3 and H4 became significantly acetylated at K9/K14
and K8, respectively, in response to ovarian steroid hormones. The mild but significant acetylation was further enhanced by co-addition of TSA. Individual HATs are known to possess acetylation preferences for specific sites and substrates (29, 30) . For instance, SRC-1 preferentially acetylates K9 and K14 of H3, while CBP/p300 has a broader preference for K5 of H2A, K12 and K15 of H2B, K14 and K18 of H3, and K5 and K8 of H4 (29, 30) . Conversely, no HAT but CBP/p300 has been so far reported to acetylate H4 on K8 (29, 30) . Given the acetylation sites upon treatment with ovarian steroids as presented here, SRC-1 and CBP/p300 may be likely candidates for HATs responsible for histone acetylation in the process of decidualization.
As for SRC-1, uterine decidual response is impaired in SRC-1 null mice (31) . In addition, SRC-1e, one of the SRC-1 isoforms, significantly enhanced decidual PRL promoter activity in response to 8-bromo cAMP (32). These collectively suggest that SRC-1 is at least in part required for decidualization, supporting our current idea. CBP (CREB-binding protein) was originally discovered as a factor interacting with the phosphorylated form of the transcription factor CREB (cAMP response element-binding protein) (33) . It is well known that CBP plays a pivotal role not only in cAMP-regulated gene expression by interacting with the phosphorylated form of CREB but also in expression of numerous genes by associating with many transcription factors including nuclear steroid receptors (34) . p300 was isolated independently as factors interacting with the adenovirus E1A protein (35) . The high degree of relatedness between CBP and p300 was soon recognized, and subsequent studies indicated that they are largely interchangeable in function (36) . Since cAMP is known to be one of the potent inducers of decidualization (7-9), we postulate that CBP/p300 may also participate in the process of decidualization. As the first step to prove our hypothesis, we have confirmed that transcripts of SRC-1 and CBP/p300 were present in human ESC (unpublished observation 2 ), consistent with recent data as reported elsewhere (37, 38) .
Since TSA is thought to inhibit histone deacetylase activity specifically, it has been widely used as a tool to study the consequences of histone acetylation in vivo (18) .
Intriguingly, the expression of only about 2% of expressed genes is changed (increased or decreased) two-fold or more in cells cultured with TSA when compared with untreated control cells (39) . In agreement, we here show that treatment of ESC with E 2 +P 4 up- between -2830 to 2630 bp of its distal region (42) . Given that the Sp1 sites are extremely active in decidualized stromal cells, which accounts for >95% of the total induction (42, 43) , it is possible that, in the absence of ovarian steroid hormones, TSA might induce transcription of IGFBP-1 via the distal promoter SP1 sites that were not tested by ChIP assay in this study.
In conclusion, TSA advances P 4 -induced decidualization of E 2 -primed ESC through potentiation of progesterone action, suggesting that histone acetylation is deeply involved in ovarian steroid-induced decidualization. The present study may provide a clue for possible differentiation therapies to target histone acetylation and deacetylation for endometrium-derived diseases such as endometriosis, endometrial cancer, and infertility due to endometrial defects of implantation. -6) , or in combination with TSA (lanes 2 and 5, 100 ng/ml; 4 and 6, 500 ng/ml). Total RNA was extracted and subjected to RT-PCR for MMP-2 mRNA.
E, Phase contrast micrographs of ESC treated for 48 hours with control 24 vehicles (Control), TSA alone (500 ng/ml), E 2 +P 4 , or in combination with TSA (500 ng/ml). for the ChIP assay. PRE, functional progesterone responsive element as described elsewhere (27, 28) .
FIG. 2. TS
B, Immunoprecipitation of chromatin with antibodies directed against acetylated histone H4. ESC were left untreated (lanes 1, 5, 9 and 13), or were treated for 1 hour with 500 ng/ml TSA (lanes 2, 6, 10 and 14), E 2 +P 4 (lanes 3, 7, 11 and 15),
